INTRODUCTION
Ventilation of the ocean's deep layers is a process that combines intense water mass transformation in so-called "deepwater formation areas" and the subsequent export of the waters. Only a limited number of deepwater formation areas have been identified globally, including the Weddell and Ross Seas in the Southern Ocean, the Gulf of Lyon in the Mediterranean, the Greenland Sea, and the Labrador and Irminger Seas in the North Atlantic. All of these regions are characterized by a marginally stable water column at mid-depth that underlies a seasonally stratified layer above, and strong, although intermittent, surface buoyancy losses. Heat loss is an important contributor to buoyancy loss in all areas. The haline buoyancy flux, which depends on net precipitation and, in some areas, ice melting and freezing (including brine release), is of varying importance.
The deep convection process is traditionally separated into three stages (Marshall and Schott, 1999 , and references therein). The "preconditioning" stage is set by a large-scale (order of 100 km) cyclonic circulation and weak interior ocean stratification. Intense surface buoyancy flux initiates the second, "violent mixing, " stage, which generates localized, intense convective plumes that have similar horizontal and vertical dimensions (order of 1-2 km). As mixing progresses, these cells organize into a larger-scale convective patch (diameter order 100 km) that is characterized by relatively homogenous properties. The third stage, "restratification, " sets in when surface buoyancy flux ceases, and the density front between the convective patch and the stratified environment becomes unstable and breaks down into eddies (on the order of the Rossby deformation radius or roughly 10 km at subpolar latitudes). The net effect of these eddies is a lateral exchange that, together with recurring surface buoyancy gain, reestablishes the upper layer stratification and contributes to the export of water out of the mixed patch. The processes active during the three stages of deep convection have been directly observed with mixed success and never in a complete sequence that covers all stages and all scales (see Schott and Marshall for a review of the experiment before 1999). In winter, field programs
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.
have made direct observations of convective cells, including early ones (Lazier, 1973; Killworth, 1979) . These hightemporal-resolution shipboard observations were generally limited to one location and the duration of a typical field program (a few weeks). Recent intense field programs, executed in the western Mediterranean Sea using ship-based and autonomous observing platforms (glider, moorings), were the first to provide further details about scales and processes for the Mediterranean deep convection across a whole seasonal cycle Houpert et al., 2016; Testor et al., 2017) .
In the Irminger and Labrador Seas, which are both part of the North Atlantic Subpolar Gyre, intermittent deep convection contributes to the renewal process, creating the source waters that ultimately supply the upper North Atlantic Deep Water. The first evidence that deep convection occurs in the Irminger Sea was from ship-based observations dating to the beginning of the last century (Nansen, 1912; Sverdrup et al., 1942; Pickart et al., 2003; Våge et al., 2008; de Jong et al., 2012) . Post-winter hydrographic sections, executed from the 1970s to 2000s, showed the extent of homogenous water masses in the Irminger Sea. These observations suggested deep convection had occurred during the preceding winter. In order to survey the winter conditions, two observing sites were established in the region at the beginning of the 2000s (Figure 1 Research (de Jong et al., 2012) .
The preconditioning phase of deep convection includes cyclonic circulation, doming of isopycnals, and large buoyancy fluxes. However, the location of the maximum doming of the isopycnals in the Irminger Gyre center is not necessarily aligned with the region of maximum wintertime thermal buoyancy loss. Atmospheric variability in this region is characterized by intense and intermittent wind events that can reach surface speeds well above 30 m s -1 and that result from the interaction of extratropical cyclones with the high topography of southern Greenland (Moore, 2003) . Among these wind events are the so-called "Greenland tip jets" that are associated with enhanced westerly flow around the southern tip of Greenland (Doyle and Shapiro, 1999) at horizontal scales on the order of 200-400 km (Moore and Renfrew, 2005) . Tip jets are known to drive significant air-sea heat fluxes in the Irminger Sea, and as such contribute to deep convection in this region (Pickart et al., 2003; Våge et al., 2008) .
Depending on the alignment of the regions of the largest buoyancy forcing with those of weak stratification (defining the gyre center), deep convection may regionally vary. In 2013, the Ocean Observatories Initiative (OOI) formalized plans for installing one of its four global arrays in the Irminger Sea. The installation was targeted to improve process understanding of deep convection, and also contribute to the long-term monitoring (multi-annual to decadal) of convection in the region that had been initiated in the early 2000s with the LOCO and CIS moorings. In order to ensure the compatibility of the records already available from LOCO and CIS, the three sites were run simultaneously beginning in the summer of 2014, providing an opportunity to obtain very high sampling density (Figure 1 ).
The particularly strong and sustained cooling during the winter of 2014/2015 led to record deep mixing in the convection centers of the Labrador (Yashayaev and Loder, 2017) and Irminger Seas, a process that had never been directly observed in this region (de Jong and de Steur, 2016) . We used this unique multi-mooring data 
DATA
The OOI Irminger Sea array consists of four individual moorings. Its location was chosen to be close to the maximum doming of isopycnals derived from the contours of dynamic topography and to align with the AR7E World Ocean Circulation Experiment repeat section ( Figure 2 ) as well as the Overturning in the Subpolar North Atlantic Program (OSNAP) array (Lozier et al., 2017 to SUMO/HYPM. The data analyzed here originate from the thirteenth deployment of the mooring from August 18, 2014 , to May 30, 2016 . At that time, the mooring was equipped with 15 MicroCATs (14 at various depths between 10 m and 1,500 m and one close to the seafloor; see Table 1 ), two single-point current meters (1,000 m and 2,953 m depth), and an upward-looking ADCP (150 m depth), as well as an oxygen optode and a fluorometer whose data are not used in this study. All given depths are nominal positions, but instantaneous depths may vary by several hundreds of meters, depending on mooring blow-down. The mooring was deployed with a subsurface head buoy located at about 40 m depth and a surface buoy connected with a 270 m long wire to the head buoy in order to allow the surface module to move with minimal tension on the whole mooring. This "slack wire" had a MicroCAT at 10 m depth and one at 25 m depth to obtain near-surface observational data. The surface telemetry buoy (MI.SAT1; Develogic) broke off on April 7, 2015, and the two instruments in the slack descended to about 300 m depth.
The LOCO mooring is located at 59°12.05'N/39°30.00'W, 37.8 km southeast of the CIS mooring and 58.7 km from the nearest OOI (FLMB) mooring.
The mooring was outfitted with a McLane moored profiler to record daily temperature and salinity profiles between 150 m and 2,500 m depth. The LOCO mooring also contained two downward-looking ADCPs at 150 m and 2,500 m depth as well as a moored CTD near the bottom. Due to a technical failure, the LOCO profiler did not record profiles during the July 2015 to September 2016 deployment.
Mixed-layer depths (MLDs) were derived from the OOI HYPM and LOCO moored profiling data. These profiles have high vertical resolution, as the profilers record continuously while traveling along the cable. The temporal resolution (20-hour interval for OOI HYPM, 24-hour interval for LOCO) is limited due to the battery capacity of the profiler. The bottom of the mixed layer was identified from the potential temperature, practical salinity, and potential density profiles. These profiles were smoothed using a running-mean filter with a 25 dbar window to remove instrument noise. MLDs were subsequently determined employing threshold criteria of 0.015°C for temperature, 0.005 for salinity, and 0.0025 kg m -3 for potential density, and using the uppermost available measurement at a mooring as a reference. The uppermost measurement had to be shallower then 200 dbar for an MLD to be registered. The resulting MLDs of all three variables had to be within 50 dbar to be accepted, after which the temperature-derived MLDs were chosen as final MLDs. The temperature profilers from the OOI HYPM and LOCO moored profilers (limited by the uppermost instrument being at ~130 m depth) were extended toward the surface using sea surface temperature (SST) data (Group for High Resolution Sea Surface Temperature [GHRSST] at https://podaac.jpl.nasa.gov/ GHRSST). GHRSST is a blended product with 0.1° resolution that was validated using the near-surface CTD data from the OOI SUMO mooring (average difference between the instrument time series at 12 m depth, and the SST is 0.085°C).
The moored CTDs on the OOI SUMO, OOI FLMA, OOI FLMB, and CIS moorings offered high temporal resolution (15 min) but limited vertical resolution (up to 250 m). For each mooring, these data were first gridded vertically onto a pressure grid with a 5 dbar interval, and then vertically interpolated. Due to the lack of a sharp transition at the bottom of the MLD in the interpolated MicroCAT data, the timing of mixing events was determined by inspecting the data for layers that have a homogeneous temperature profile and are cooling homogeneously over said layer. The chosen thresholds are T(z) within 0.015°C of the temperature at 10 m depth and temperature change per 15 min interval (dT/dt) within 2.5 × 10 -5 °C of the dT/dt at 10 m. The addition of the dT/dt criterion implies that active mixed layers are selected.
Mean velocities were derived for the layer between 200 m and 500 m depth using data from the upward-looking ADCP at ~500 m depth on the OOI SUMO, FLMA, and FLMB moorings and the downward-looking ADCP at ~150 m on the LOCO mooring. At the CIS mooring, we used velocity data from the singlepoint instrument at ~1,000 m.
The atmospheric forcing was investigated with the European Center for Medium range Weather Forecasting (ECMWF) reanalysis ERA-Interim (ERA-I; Dee et al., 2011) and the Arctic System Reanalysis (ASR; Bromwhich et al., 2016) . ASR has a higher horizontal resolution (~15 km) compared to ERA-I (~80 km), yielding an improved representation of the wind and heat flux fields . Because ASR data are currently available up until 2012 only, we use them to examine the spatial distribution of the heat fluxes during selected tip jet events near the moorings for the period 2000-2012 and then translate those results to the events in the winters 2014/2015 and 2015/2016 identified with ERA-I. mixed layers reached similar depths at the end of that winter, likely due to the extensive removal of stratification during the first winter. The local temperature variability at each mooring as well as the differences between the moorings was high during summer and quickly decreased as MLD depths reached ~250 dbar (Figure 3b,c) . Progressive deepening and cooling of the mixed layer did not further reduce the variability in mixed layer properties between the moorings, indicating that a mixed patch, with homogeneous properties over the region enclosing all moorings, had formed at this time.
RESULTS

Spatial Variations in Convection
The velocity fields at the mooring sites, stronger, hence changing the temperature profile. Overall, the upper layer temperatures were lower and mixed layers were deeper at the LOCO mooring (Figure 4b ).
Spatial Variability in Forcing and Restratification
Stratification and surface forcing determine the maximum depth of vertical mixing at a given location. The largest wintertime air-sea fluxes take place during individual intense wind events (Holdsworth and Myers, 2015) . Using the high-resolution atmospheric reanalysis (ASR), we investigated the longterm spatial distribution of ocean heat loss for the area where the six moorings were deployed. The ASR data showed surprisingly large differences in heat fluxes between the mooring locations, amounting to as much as 200 W m -2 (Figure 5a,b) . A composite of ~100 tip jet events in 2000 and 2012 showed that the differences between the mooring sites persisted, with stronger heat flux events resulting in larger differences (not shown). Generally, heat losses during tip jet events were larger at the OOI and CIS moorings and weaker at Figure 3b , showed the proximity to the center of the Irminger Gyre. Mean currents at the moorings were generally weak at the OOI moorings (between 0.6 cm s -1 and 1.7 cm s -1 ) and slightly stronger toward the northeast at the CIS and LOCO moorings (3.5 cm s -1 and 4.2 cm s -1 ). Despite the weak mean flow, the mesoscale field was rich (i.e., the standard deviation in velocity is 19 cm s -1 at the OOI moorings, 17 cm s -1 at LOCO, and 11 cm s -1 at the deeper CIS instrument). Due to the relatively large distance between the moorings compared to the Rossby radius of deformation (order 10 km), there was little coherence between the fluctuations observed at the individual moorings. The magnitude of the mesoscale variability showed a hint of the presence of a seasonal cycle, with larger velocities in winter, mostly evident at LOCO. Although the overall picture of gradual deepening and cooling of the mixed layers through winter was similar for each mooring, there were striking latitudinal differences. At the northern OOI moorings, cooling and deepening were more intermittent, intensifying during strong surface fluxes and restratifying whenever the surface fluxes relented. At the southern moorings, CIS and LOCO, cooling and deepening were more sustained.
Of the six moorings, the OOI HYPM and the LOCO moorings were the furthest apart (85.8 km) and were the best examples of lateral contrasts. Bimonthly temperature profiles (Figure 4a ) from these two moored profilers were similar at the end of summer, but clear differences appeared in January and February. Mixing and cooling progressed steadily at LOCO, while the upper 600 dbar of the OOI HYPM profiles remained stratified. Below 600 dbar, both the LOCO and HYPM moorings showed a progressive deepening of the temperature inversion, from 900 dbar in September to 1,200 dbar in February. In March and April, deep mixed layers were seen at both moorings, completely removing the temperature inversion. After April, restratification set in at both sites. A thick layer with homogeneous temperature remained at the LOCO mooring, while at the OOI HYPM, restratification appeared to be LOCO, although at times, the heat losses at LOCO exceeded those obtained at CIS and OOI (Figure 5c,d) . These wind events, associated with the largest heat losses to the south and classified as northwesterly tip jets (Moore, 2015) , were generally less frequent. Both types of tip jet events were not well resolved in the much lower resolution ERA-I fields; in these smoother fields, the differences between fluxes at LOCO and OOI HYPM were reduced to 20 W m -2 during strong (>200 W m -2 ) cooling events. However, the timing of strong forcing was aligned with temperature homogenization across the array and was also reflected in an increase in the variance of the vertical velocity derived from ADCP data (Figure 6a) .
Despite the increased likelihood of stronger surface forcing over the OOI moorings, we observed a shallower MLD in 2014/2015 compared to LOCO, which could mean either that winter was favorable for northerly tip jets or that the OOI site was slightly less favorable for deep convection. While the initial, pre-winter (Figure 4a ), cooling at the northern OOI HYPM was frequently interrupted by short warming events (Figure 4b ). These intermittent events resulted in an average heat content in the upper 1,000 m that was approximately 3% larger at OOI than at the LOCO mooring. This gradient in heat content was also reflected in the increase in SST from south to north: the mean SST over the OOI deployment period was 5.77°C at LOCO, 5.86°C at CIS, and 6.02°C at OOI HYPM. Monthly mean SST through the winter of 2015 shows that the moorings were in the low SST western part of the area (Figure 7 ). This colder area was east of the center of the Irminger Gyre (Figure 1) , as well as east of the region with strongest surface heat fluxes in the ERA-I fields. While surface fluxes were likely dominant in regions of cooling SSTs, this suggests that cooling through advection by colder waters from the southwest may have played a role, as seen at LOCO (time periods 2015 LOCO (time periods .2-2015 LOCO (time periods .4 and 2016 LOCO (time periods .1-2016 in Figure 3b ) and CIS (at the end of 2015 in Figure 3b ).
The Irminger Current advects warmer waters along the cyclonic path around the perimeter of the basin. These warmer waters off the Greenland shelf appeared to strengthen the restratification tendency at the northern OOI mooring (Figure 4b ).
DISCUSSION
The two-year data set presented here contains high-resolution data from six moorings deployed in an 86 km × 35 km area in the central Irminger Gyre. Spatial differences observed between the moorings during the winters of 2014/2015 and 2015/2016, which both showed deep (>1,500 dbar) mixed layers, revealed the subtle balance between surface forcing and intermittent restratification during winter. The close proximity of the moorings and nearly identical late summer temperature profiles suggest equal preconditioning at all sites. The more frequent occurrence of stronger tip jet events at the northern moorings has the potential to force deeper and colder mixed layers. However, the stronger surface forcing here was counteracted by frequent restratification though lateral intrusions from the warm and saline Irminger Current. Fan et al. (2013) studied the occurrence of anticyclonic warm core eddies at the CIS mooring in detail. They proposed two formation regions for the eddies: one west of the Reykjanes Ridge and the other off the East Greenland Irminger Current, near Cape Farewell. The observations presented here clearly suggest that the latter formation region was more important for restratification at the Irminger Sea OOI array.
Only high-resolution spatial and temporal observations can provide sufficient detail for learning more about the impact of eddies on restratification, and the relationship of restratification to convective mixing. These details were not caught in the much sparser Argo profile data. For comparison, there were only two Argo profiles in this area between the moorings during the period October 2014 to April 2015.
Continuation of the OOI moorings in the Irminger Sea will allow the community to study the restratification process in more detail. In addition, OOI surface measurements will allow investigation of the potential impact of freshwater that originates from the Greenland shelf on deep convection, as the influx of freshwater from the Greenland Ice Sheet and the Arctic Ocean is expected to increase with rising atmospheric and oceanic temperatures (Böning et al., 2016) . Data from the OOI gliders, whose analysis was outside the scope of this paper, will yield additional insights into lateral scales of variability. Knowledge gained from an integral analysis of the full suite of OOI mooring, surface flux, and glider observations will provide more details about the full convection and restratification cycle, and will contribute significantly to improving our ability to predict deepwater formation. Integrating knowledge about physical processes with the biogeochemical data collected at the OOI array (Palevsky and Nicholson, 2018 , in this issue) will lead to further insight into the controls on biological productivity and carbon cycling in the Irminger Sea. 
